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METHOD FOR DISSOLVING NANO STRUCTURAL MATERIALS 
CROSS -REFERENCE TO RELATED APPLICATIONS 

[0001] The present application claims priority under 35 
U.S.C. §119(e) frorr. U.S. provisional application 60/286, 340, 
filed April 26, -2001, the entire contents of which is hereby 
incorporated by reference. 
Field of the Invention 

[0002] The present invention provides a method for 
dissolving nanostructured materials such as carbon nanotubes 
and solutions for carbon nanotubes. 
Background of the Invention 

[0003] Nanostructured materials, such as carbon nanotubes 
(NTs) have been the subject of much research in recent years 
because their unique electronic, mechanical and physical 
properties can be used in all areas of science. 1 ' 2 
Nanostructured tubes are becoming increasingly important 
because their mechanical properties, notably strength, 
stiffness, and toughness, make them useful in a variety of 
applications. Composites made from carbon nanotubes have 
superior strength and stiffness per weight, and thus are 
already being used in aerospace and sporting goods 
applications. Carbon nanotubes are also excellent electron 
emitters, emitting electrons at very low voltage, which makes 
them particularly useful in the field of flat panel displays. 
Their good electron conductivity and high thermal conductivity 
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also make carbon nanotubes ideal materials for making anti- 
static and/or anti-corrosion coatings as well as thermal 
conductors. Additionally, carbon nanotubes can be used in 
electronic circuits where silicon and other standard 
semiconductor materials do not work. 

[0004] Carbon nanotubes are particularly stable because of 
the strength with which the carbon atoms bond together. In 
nanotubes, the carbon atoms arrange themselves in hexagonal 
rings, similar to the arrangement in graphite. In fact, a 
nanotube resembles a sheet or several stacked sheets of 
graphite rolled into a seamless cylinder. Unfortunately, 
carbon nanotubes are difficult to dissolve or disperse in most 
organic or inorganic solvents because of their long structured 
features, large molecular size, or severe aggregation. The 
common agents used to help disperse carbon nanotubes are 
surfactants, which, however, can only increase the 
dispersibility to a limited extent, and surfactants do not 
affect the solubility of carbon nanotubes. Attaching alkyl 
groups to the surface of carbon nanotubes can increase their 
solubility to some extent. This approach, however, requires 
tedious chemical reactions, and the chemical functionalization 
may alter the structure or affect properties of the carbon 
nanotubes. In another approach, carbon nanotubes were wrapped 
with a helical polymer, through which they were brought into 
other solvents. This method, however, can only be applied in 
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very lifted circumstances. The size of soluble nanotubes 
depends upon the size of the helices of the poller, and It is 
tedious to synthesize these pollers. Th i s difficulty in 
dispersing or dissolving carbon nanotubes limits the abiUty 
to incorporate carbon nanotubes in other organic or inorganic 
materials as well as the ability to manipulate them chemically 
and characterize them quantitatively. 

C0005] some solution properties of carbon nanotubes have 
also been studied, aimed at their chemical modification and 
functionalization- Several methods have been reported for 
making solubilized NTs, including attachment of long aikyl 
chains 3 and incorporation with polymers/' 5 Haddon et al., in 
U.S. Patent No. 6,187,823, disclose a method of dissolving 
single-walled nanotube carbcns in organic solvents by directly 
functionalizing the nanotubes with amines or alkylaryl amines 
having an uninterrupted carbon chain of at least five and, 
more preferably, nine carbon atoms. ' 

f0006] Despite those attempts, the dissolution of pristine 
carbon nanotubes, to our knowledge, has not been realized. 
Summary of the InvsnH^r, 

C0007] It is an QbUct Qf fche invent . on tQ overcome 

the deficiencies in the prior art. 

f0008] It is a further Qbject Qf ^ present . nvent . on ^ 

provide a low' cost, efficient way to solubilize nanotube 
materials . 



WO 02/088025 

PCT7US02/13193 

[0009] it is another object of the present invention to 
provide solutions of nanotube materials in a variety of • 
solvents. 

[0010] It is another object of the present invention to 
make solutions of carbon nanotubes using a class of small 
organic molecules as dissolution or dispersing agents. 
[0011] It is another object of the present invention to 
incorporate carbon nanotunbes with organic polymers to make 
nanocoinposites . 

[0012] it is still another object of the present invention 
to provide enhanced light emission of LEDs. 

[0013] it is a further object of the present invention to 
produce solar cells and magnetoelectric shielding using 
nanotubes . 

[0014] it is yet another object of the present invention to 
make field emission devices using solubilized carbon 
nanotubes. 

[0015] According to the present invention, nanotube 
materials can be dissolved in a variety of solvents by 
treating carbon nanotubes with an electron donor, such as an 
aromatic amine. The electron donor acts to solubilize the 
nanotubes in the solvents. 

[0016] once the carbon nanotubes are dissolved in these 
aromatic amines, the carbon nanotubes can be readily dissolved 
in other polar or nonpolar organic solvents, including but not 
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limited to solvents such as chloroform, acetone, toluene, 
benzene, methanol, ethanol, DMF , TMF, and the like. 
(0017] Dissolving carbon nanotubes in polar or nonpolar 
solvents using small electron donor molecules modifies the 
surface property of the carbon nanotubes and results in 
improved chemical interaction between modified nanotube and 

polymers, so that superior composite materials are produced. 

Brief Descriptio n of the Drawing 

[0018] Figure 1 is an SEM picture of dissolved carbon 
nanotubes after solvent evaporation. 

[0019] Figure 2A shows the UV-visible absorption spectra of 
a solution of carbon nanotubes dissolved in aniline. Figure 
2B shows the absorbance of an aniline solution of carbon 
nanotubes diluted with acetone. 

[0020] Figure 3 shows the emission spectra of carbon - 
nanotubes in aniline in different solvents. 
Detailed Descriptio n of the Invpnfinn 

[0021] Nanostructured materials such as carbon nanotubes . 
can be dissolved in polar or nonpolar organic solvents using 
small electron donor molecules as solubilizers . Aromatic 
amines are among the preferred electron donor molecules. The 
nanostructured materials used can be nano carbon materials, 
such as carbon nanotubes, either single- or multi-walled, 
pristine or chemically functionalized. 
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. C0022] The aromatic amine compounds which solubilize 
nanotubes comprise at least one amino group and at least one 
Phenyl ring. The amino group can be a primary, secondary, or 
tertiary amine group. The phenyl ring can be substituted or 
substituted by other functional groups. Preferred 

substituents on the phenol ring are electron donor groups such 

as Ci-Ci 0 alkyl. 

[0023] The preferred amines have the following structure: 




' CHl ' ' CHlCH " "OH, -NH, -SH. NH, , 
wherein R car be hvdroaen r r v. , iH .-NH2etc 

nycrogen, c : -C 10/ phenyl, hydroxy!, primary or 

secondary amino, thio, etc. including -SH or -SR, wherein R is 
an aryl group; selino, either -SeH or -SeR, wherein R can be 
an aryl group. Additionally, any one of R can be selected 
from the following: 
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(Fused aromatfc rings, amine groups can be 



in any positions; 






SCHEME 1 

C0024] Alternatively, more than one amino group can be 
attached tc the benzene ring, as illustrated by th^'^n- 



More than one amine .group ■• ^amines attached to bezene ring 



/ CH3 




H 2 N- 




SCHEME 2 

[0025] other electron donors that- w 

ors tnat can be used include N- 

substituted aromatic amines, wherein pii-ho. 

/ serein either one or two of the 

hydrogen on the ring is substituted by an aro.atic group such 

as phenyl, or a c x -C* .1*1 group , either ^ ^ 

branched, saturated or unsaturated r hp fn1 , • 

i^cec. The following compounds 

illustrate such electron donors: 
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(N substituted aromatic amines, either one or two of H substituted by non or 
arornatfc groups -CH2CH3, -Ar, etc) 



o 

Ntf 2 HH' CH 3 . HjC s 



6 J O-i-Q 



SCHEME 3 

[0026] 



Additional compounds which can be used as electron 
donors to dissolve nanotubes include aromatic axuines in which 
there is substitution in the benzene ring, alone or together 
*ith N substitution by aromatic or nonaromatic hydrocarbon 
groups. These hydrocarbon groups can have from 1 to 12 carbon 
atoms, and can be aryl, saturated, or unsaturated, branched 
chain or straight chain. Examples of these compounds are as 



follows : 




SSKSl" b6Zene **'««»■"■»«■. N suction by aromafc or 



non aromaf/c 




NH 2 

t 





SCHEME 4 
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too 27] Hhile ehe preferred 30lublU2ing agents 
other solvents with different aromatic and heter0=ycUc ^ 
structures -ay also function as elec tr 0 n donor solvents. The 
electron donors can be either in a solid or a li,uid stete. 
(0028J The amine group can be attached to any type of 
heterocyclic aromatic ri„ g , inciuclillg £used ^ ^ ^ 

than on. heterocyclic atom, as illustrated by the foiling 
compounds : 

Amirm group afachRfltn haffimcyi; a aromatic ing* 




C-NII 2 , -CI a , -CII,-OCK 0 iU.) 
-NH 2 





L II 




NWNH, 



NH 2 

h H 



NIH.j 



L L > 



NH 2 



SH 



1. 



K K NH 2 



HOR 



SCHEME 5 
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H 3 N 



SubatiMon contained naterocycle atoms W S , Se , 0 , etc , 

o 

f H >VV-\ 






.8 (Se) 



SCHEME 6 

As noted above, the heterocycle atoms can be N, S, Se, O, or 
P. 

[0029] The dissolution process can be. facilitated 
significantly by applying an exogenous energy source to a 
mixture of carbon nanotubes and the electron donor compounds. 
The energy sources can include heating, mechanical stirring, 
ultra-sonification, microwave irradiation, or any combination 
thereof. The resulting solution can be mixed with polymers, 
for example, polyolifins such as polyethylene, polyvinyl 
chloride, polytetrafluoroethylene, ^pclyacrylonitrile, 
polymethyl methacrylate, polyvinyl acetate, polyester, 
polystyrene, polyamide, and the like, to form nanocompc sites . 
Alternatively, the solutions of nanotubes can be coated onto a 
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substrate and the solvent reeved by convention^" means' to" 
form a coating or layer of nanotubes . 
Example 1 

(0030, Puci£ie<1 slngle . waUed ^ (smht) ^ 

purcha.ee, ftem W « 0ni « rsity , n ^ suspensio „. ^ 
wer. filtered through .„.,_. P Ira fUter metone ^ 
so-called -bucky paper".' Multi-walled nanotubes were 
purchased from Nanocs Inc., Hew rork. lB one experiment, ,„ 
-g of accurately weighed NTs were edded to 5 mL aniline and 
Che mixture was heaced at reflux for 3 hours in the dark. 
Dissolution of carbon nanotubes i„ aniline was observed by the 
color change of the solution after reflux for a short time. 
Thus, with continuous heating, the ordinal colorless aniline 
solution first became brownish and then turned dark red. 
After being, cooled to room temperature, a NT solution was 
obtained by filtration through a 0.2 PTFE membrane. An SEM 
Picture of carbon nanotubes dissolved in aniline (see figure 
1) Showed similar structural features to that before 
dissolution,' suggesting no damage had occurred to the NTs ,of 
oourse, SEM „ 0 u ld not reveal evidence of chemical reaction of 
the NTs, . The solubility of s»NT in aniline is up to . mg/mL . 
This aniline-nanotube solution can be readily diluted with 
other organic solvents such as acetone, THF, and DMF. 
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Example 2 ~~ 

[0031] 2.5 grams of multi-walled carbon nanotubes were , 
Placed into a 100 mL flask. Then 25 , ^ Qf aniline ^ 
and the mixture was heated at reflux for two hours. Th 9 

resulting brownish solution was filr**-^ w * 

n was £iluersd by 2 micrometer ?TEE 

filter paper, and a clear solution was collected. 

Example 3 

[0032] carbon nanotubes from tubes from Rice University 
were dispersed in toluene and- 10 mX of this dispersion was 
Placed into a 100 mL flask. 20 mL of aniline was added, and 
the mixture was heated at reflux for two hours. The resulting 
browning solution was filtered through 2 micrometer PTEE 
filter paper, and the nanotube solution was collected. 
Example 4 

[0033] 2.5 grams of multi-walled carbon nanotubes were 
Placed into a 100 mL flask. 25 mL of N, N-dimethyl aniline was 
added and the mixture was heated at reflux for two hours. The 
resulting solution was filtered through 2 micrometer PTEE 
filter paper, and the clear solution was collected. 
Example 5 

[0034] 2.5 grams of multi-walled carbon nanotubes were 
Placed into a 100 mL flask. 25 mL of N^dimethyl aniline was 
added and the flask was irradiated by microwave radiation for 
five minutes. The . resulting solution was filtered through 2 
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micrometer PTEE filter oaDer =* n H i 

e " P a Per and the clear solution was 

filtered. 
Example 6 

C0035] 2 mL of the solutiQn from £xaffipie s d _ iutad ^ ^ 

ruL acetone. This solution was coated .onto a. glass surface by 
spin coating. 

C0036] Figure !. SEM picture of dissolved carbon nanotubes 
(MWNT) after evaporation of aniline. 

(0037] Figure 2A shows the absorpt . on . spectra Qf 

SWNT-anili ne diluted with acetone solution. Absorption 
between 310-400 nm is very strong while a new peak at 530 nm 
suggests the formation of an aniline-sWNT charge-transfer 
complex. m very dilute solution, the broad peak between 310- 
400 nm can be resolved into two sharp peaks at 325 nm and 375 
nm respectively, while the peak at 530 nm is no longer 
observed. 

C003SJ Cso has been shown to form donor- acceptor complexes 
in the liquid state when dissolved in tertiary amines and 
substituted anilines. The room temperature solubility of c so 
in aniline, »-methylaniline> and N, dimethyl aniline was 
found to be 1.05, 1.16, and 3.89 mg/ raL , respectively. 
Complexation with aniline has also been applied to separate C 60 
from various endohedral complexes.- c 60 also. showed reactivity 
in the ground state with various primary, secondary and ' 
tertiary amines, attributed to electron transfer from the 
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amines to the tuUerene." BeC au S e of its statural 
aimilarity t= fulierenes, NT should be a good electron 
acceptor, - „ hUe anili „e is a fairly oooa electron donor . &£ 
elevated temperatures, „l and aniline .m a y tam , charge 
transfer complex in its ground state, as evidenced by the 
appearance of „.„ absorption in the visible region ,r lg ure 2 , . 
to in the interaction of primary and aecondary ^.^ ^ 
C," this -ay be followed by proton transfer from aniline to 

the fullerene, (see Scheme 1) The Mr 

■n . me NT-ami me complex (or 

adduct, is guite stable, even after three months, as shown >y ' 
the persistence of the new spectral features, m contrast, no ' 
measurable dissolution of carbon nanotubes was observed in 
nitroben Z ene, an electron acceptor. Solubil ization was also 
observed between hi, N- dime thyl ani 1 ine ( DMA) and NTs, but the 
process may not be the same as with aniline, since adduct 
formation by proton transfer between DMA and the NTs is not 
possible. The fluorescence spectrum of DMA-NT solutions is 
also rnuch weaker than the NT-aniline solutions, indicating a 
different species is produced. The observation that 
dissolution- of NTs in aniline requires higher temperatures 
than is needed for interaction of amines with fulierenes is ' 
reasonable considering not only the difference in molecular 
si-, but also the fact that nanotubes have . very strong 
tendency to aggregate, which is one reason why they are 
insoluble in most common solvents. 
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[0039] scheme 1. Proposed reaction "mechani snTTe t-^een" NTs 
and aromatic amines 

RN(R')H- R H 

RN(R^H -I ^ -~^c~c^r- \\ 1^ 

reflux -^"^ *" C CCT 



Scheme l. Proposed ^ ncchmism ^ ^ ^ ^ ^ 

(0040] Figure 2 . ^ absor?tion spectra Qf SWNT . an . line 
solution. 

[0041] strong fluorescence was observed upon exciting the 
diluted SWNT-aniline solutions at 500 nm. Figure 3 shows the 
emission spectra solutions in acetone, toluene and methanol, 
respectively. The maximum emission in acetcne was observed at 
565 nm with a shoulder at 610 nm. In methanol the emission is 
red-shifted by 20 nm with no change in intensity. The shift 
of the emission maximum in polar vs. nonpolar solvents is 
consistent with charge separation in the excited state. The 
fluorescence excitation spectra are quite different from the 
absorption spectra of the individual components, indicating 
the formation of a new light-absorbing species. The quantum 
Yield of fluorescence of SWNT-aniline in acetone is 0.30,- 
considerably higher than that of aromatic molecules such as ' 
Phenanthrene (0.10) and naphthalene (0.U), but similar to 
that of anthracene (0.29, . Luminescence', has been observed' at 
slightly longer wavelengths for polymer-bound (i.e., NTs 
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covalently linked to poly- (propionylethylenimine-co- 
ethylenimine) . The quantum yield for our NT-aniline solutions 
are also higher than that for the polymer-bound NTs." As in 
the previous work, precautions were taken to prevent 
interference from fluorescence of small aromatic species and 
other impurities. A 

[0042] As indicated above, it appears that a new chemical 
species is produced on heating SWNT in aniline, and that 
photoexcitation of this species leads to a luminescent charge 
separated state (exciplex). In polymer-bound carbon 
nanotubes, Riggs et al. rationalized that the luminescence 
might be due to the trapping of the excitation energy at 
defect sites. 4 Another factor that might enhance the 
fluorescence efficiency of nanotubes is their large molecular 
size, which would inhibit deactivation through molecular 
motion. In this respect, studies with purified NTs of 
different types and sizes would be "informative . It is 
expected that there would also be differences in the 
fluorescence efficiency of zigzag, armchair, semiconducting, 
metallic and chiral carbon nanotubes. 13 

[0043] To produce an improved luminescent material, a 
solution of carbon nanotubes and an electron donor compound is 
mixed with an appropriate fluorescent or luminescent polymer. 
For purposes of the present invention, a fluorescent substance 
is one that absorbs radiant energy of certain wavelengths and, 
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after a fleeting instant, giTes off ^ ^ ^~ - 
•nergy as gnanta OE longer „, vel .„ Jt ^ ^ 

Pigments are of th8 toluenesulfonamide-melamine-formaldehyde 

paraformaldehdye, and a B-stege umnodlriecl melamlne _ 
formaldehyde reaiE is he „ ed Cogeth _ naotn<mt ^ 5 
as Rhodsmine r3B , RhodaBiIle 6GDNi ^ Briuiant ^ ^ 

are added along with a dispersion or , oIution of 
nanctu.es and an electron emitting molecule, and heating 
continued. The finished colored resin is clear, brittle, and 
friable, and can be pulverized by tapact milling tc a fine 
Powder, which is the final fluorescent pigment which can be 
used in a wide variety of applications. The presence of the 
carbon nanotubes Mparts superior fluorescence to the pigment 
the use of the electron donor compound mates it possible to 
disperse the carbon nanotubes uniformly in the polymer 
deposition so that a uniform pigment is produced. 
10044] Fisruta 3. Emis5ion spe=tra of s „ Nr . anii . ne ^ 

different solvents. Solid line: acetone,- dashed line- 
toluene, dotted line, methanol. Excitation of aU 
at 500 run. 

100^5, The present invention provides a simple, economics 
way to disperse or dissolve nanotube meterials in solvents so 
that the nanotube materials can be used in a varietv of 
applications. The nanotubes in solution or dispersion form 
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can be coated onto substrates or mixed into a v^ety Mother 
materials, including polymers, to form composites with 
outstanding characteristics. For example, a high-current 
field emitter can be made by forming a dispersion of nanotubes 
as described in the above examples and mixing the dispersion 
into a composite paste with suitable polymeric resins. This 
paste is then smeared onto an electrode. when voltage is 
applied, some of the nanotubes in the layer point toward the 
opposite electrode and emit electrons. Composites of 
nanotubes are formed from producing a solution of nanotubes 
and coating this solution onto control electronics. Phophor- 
coated glass is placed on top to make a flat-panel display. 
C0O4 6] An electron emitter composition according to one 
embodiment of the present invention comp r i ses carbon nanotubes 
as electron emitting materials. The composition also 
comprises a binder, dispersing agent, and water. The amount of 
the electron emitting material is preferably 1 to 50% by 
weight, more preferably 5 to 30% by weight, and most 
Preferably io to 201 by weight, of the total composition. 
(0047] To produce a field em . ss . on dev . ce using 

nanotubes, nanotubes are dispersed i n a h*. 

uxipersea m a dispersion agent such 

as polyoxyethylene nonyl phenyl ether derivative, 

POlyvinyl PyrroUdone< etc ., with Qf ^ ^ 

molecule as described above. This mixture is then added to a 
binding composition, such as a S il ane based compound or 
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colloidal ailica, and th. co-position is bound to a cathode 

dispersion aediu*. Mditional detaUa of this 
-th the exception of dispersion of the nanotub., with an 
electron donor Molecule, can be found in Jin et .1 V S 
-tent „o : 6 , 25 0. 9 e«, th . entire ^.^ , f ^ ^ ^ 
incorporated by reference. The uae of an aiectron donor 
compound to disperse the nanotubee provides i.oroved 
dispersion so that a -ore unif„ m device can beprecared 
(004., Mutimllfi nanotuba solations _ ^ ^ ^ 

the formation of »ano-co»posites or cast into thin fU M , 
-hich would aolva the practical proble-s involved in Mki n g 
nanotube-based electronic and field evasion display devices » 
The atron, fluorescence e-ission of carbon nanotubes should 
1" be a useful probe in elucidation of the physical and 
biological properties of these .eteriala. The process of cfte 
Present invention Mke s it possible to manipulate nanotubes in 
order to produce desirable electronic and other typea of 
'-ices. For example , „ hen two slightiy dissiniur 

molecules are joined together end to end th. • 

lo ena, the "junction 11 

between the. functions as a diode. Diodes are ^ ^ Qf 
-ceivers, which convert aiternatin, current into direct 



current 
[0049] 



As -ore and saaUer transistors are placed onto 
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computer chips, the heat they generate could meYt the si i icon 
substrate. Nanctubes can be attached to chips to draw away 
heat, allowing them to run cooler. Additionally, as the 
transistors become smaller, so do the thin metal wires 
connecting them, making them more likely to break. Nanotubes 
can be used as replacement wires, as they are much stronger ' 
and thinner than metal wires. 

[0050] Researchers at IBM have already used nanotubes to 
produce a transistor. Nanotubes can be formed from condensed 
carbon vapor, and they are only 1/50, 000th as thick as a human 
hair. When the carbon rings of the nanotube line up with the 
main axis of the nanotube, the nanotube conducts electricity 
as well as a metal. When the pattern of hexagonal rings in a 
nanotube is twisted, the nanotube acts like a semiconductor, 
i.e., it conducts electricity only after a certain threshold. 
When two nanotubes, one a conductor and one semiconductor, are 
joined into one molecule, their junction acts like a diode, 
permitting electric current to flow in only one direction. 
[0051] Nanotubes dissolved or dispersed with the aid of an 
electron donor molecule can readily be used to fabricate 
electron emitting sources such as described in Ueruura et al., 
U.S. Patent No. 6,239,547, the entire contents of which are 
hereby incorporated by reference. This electron emitting 
source is produced from carbon nanotubes formed from a 
columnar graphite layer in which a plurality of carbon 
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nanotubes aggregate to form a needle-like structure. The 
electron-emitting source can be made by recessing a substrate 
and filling zhe recess with a solution or dispersion of carbon 
nanotubes which have been dissolved or dispersed with the aid 
of an electron donor molecule. Alternatively, a paste is 
formed by dispersing the carbon nanotubes in a conductive 
viscous solution with the aid or an electron donor molecuie. 
This paste is used to form a pattern on a substrate. The use 
of the electron donor molecule makes it easy to disperse the 
nanotubes in the conductive solution so that the nanotubes are 
distributed evenly in the pattern. 

[0052] Small amounts of nanotubes can be added to plastics 
to make the resin electrically conductive. . Because the 
present invention makes it possible to dissolve or disperse 
nanotubes, the nanotubes can readily be evenly distributed 
throughout a resin composition. Alternatively, nanotubes can 
be incorporated into plastics to make them antistatic, or for 
use in EMI shielding. Nonlimiting examples of such polymers 
include epoxy resins, polyolefins, polyvinylchloride, 
polyacrylinitrile, polymethyl methacrylate, polyvinyl acetate, 
polyester, polystyrene, polyamide, and mixtures and copolymers 
thereof . 

[0053] While nanotubes are about 100 times as strong as 
steel, they are too small to use as individual fibers. 
However, they can be assembled into bits of "rope". Being 
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able to disperse the nanotubes evenly by the process of the 
present invention makes it much easier to assemble the 
nanotube "ropes," 

[0054] Self-oriented bundles of carbon nanotubes, such as 
those disclosed in Dai et al., U.S. Patent No. 6,232,706, the 
entire contents of which are hereby incorporated by reference, 
can be produced from carbon nanotubes which have been 
dispersed or dissolved in a fluid using an electron donor 
molecule. A silicon substrate is electrochemically etched to 
form a thin nanoporous layer on top of a macroporous layer. A 
dispersion or solution of carbon nanotubes with an electron 
donor molecule is deposited in a predetermined pattern on the 
substrate. This deposition is repeated until the carbon 
naotubes are deposited on the substrate in sufficient quantity 
to produce a superior field emission device. 
[0055] As described above, the treated carbon nanotubes 
according to the present invention "have much stronger light > 
emission properties than untreated carbon nanotubes. 
[0056] Nanotubes of differing sizes and configurations can 
be more easily separated after dissolution. The dissolved 
carbon nanotubes are applied to gel chromatography (gel 
permeation, affinity, or size exclusion) and eluted with 
different solvents. Because of the structural differences 
among different nanotubes, the ability to bind with the gel 
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will differ, and the tubes can be washed out with comon 
solvents. 

10057] Solutions of carbon nanotubes can be used to produce 
a variety of products incorporating carbon nanotubes as 
described above. In addition, solutions of carbon nanotubes 
can be used in making devices as described in the following 
U.S. patents, the entire contents of which are hereby 
incorporated by reference: 
Koruga, 5, 640, 705 
Chang, 5,916,642 
Fischer, 5,985,112 
Park, 6,019,656 
Chuang et al., 6,062,931 
Coll et al., 6,087,765 
Green et al., 6,090,363 
Jin et al., 6,146,230 
Zhang et al., 6,203,364 
Ying et al., 6,231,744 
Uemura et al., 6,239,547 
Ghcshal, 6,256,996 
Glatkowski et al., 6,265,466 
• Bower et al . , 6,277,318 
Gao et al., 6,361, 861 
Massey et al.,' 6, 362, 011 
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[0058) • Although dissolution of carbon nanotubes and study 
of their properties in solution has been a challenge for 
chemists, the present invention provides an improved way for 
dissolving and/or dispersing nanotube materials without the 
previously required cutting and chemical functionalization of 
carbon nanotubes, or attachment to polymers with solubilizing 
features. 

[0059] The foregoing description of the specific 
embodiments will so fully reveal the general nature of the 
invention that others can, by applying current knowledge, 
readily modify and/or adapt for various applications such 
specific embodiments without departing from the generic 
concept, and, therefore, such adaptions and modifications 
should and are intended to be comprehended within the meaning 
and range of equivalents of the disclosed embodiments. It is 
to be understood that the phraseology or terminology employed 
herein is for the purpose of description and not of 
limitation. 
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WHAT IS CLAIMED IS: 

1. A method for dissolving or dispersing 
nanomateriais in solvents comprising mixing the nanomaterials 
with an electron donor compound as a solubilizer. 

2. The method according to claim 1 wherein the 
electron donor compound is selected from the group consisting 
of: 




wherein the amino group can be in any position on 
the fused ring system, 




NH 2 
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NH 2 



6 



wherein R : R 2 are each selected from the group 
consisting of hydrogen. C1-C12 alkyl, and C 6 -Ci2 aryl; 




wherein R 3/ R 4 and R 5 are each selected froia the 
group consisting of hydrogen. C1-C12 alkyl and C s -Ci2 aryl; 



) 
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3. The method according to claim 1 wherein the 
electron donor compound is an aromatic amine of the following 
formula: 




R-H, -CH 3| -CH 2 CH 3t -ph, -OH, -NH, -SH, -NH2 



etc 



4. The method according to claim 1 wherein 
the electron donor compound is selected from the group 
consisting of compounds of the formula: • 




wherein R is selected from the group consisting of 
H, OH, Ci-Cu alkyl and C6-C 12 aryl . 

5. The method according to claim 1 wherein the 
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solvents are polar or nonpolar. 

6. The method according to claim 1 wherein an 
exogenous energy source is applied to the mixture of 
nanomaterials and. electron donor compound. 

7 . The method according to claim 6 wherein the 
exogenous energy source is selected from the group consisting 
of heat, radiation, and sonif ication. 

8. - The method according to claim 1 wherein the 
nanomaterials are selected from the group consisting of single 
walled nanotubes and multi-walled nanotubes. • 

9. A light emission device comprising a luminescent 
organic polymer having carbon nanotubes dispersed therein. 

10. A method for making mixtures of -carbon 
nanotubes and polymers comprising: 

a. dispersing or dissolving carbon nanotubes and an 
electron donor compound in a solvent or dispersant; 

b. adding said solvent or dispersant to a polymer - 
and blending the solvent or dispersant with the polymer; 

c. removing the solvent or dispersant from the 

mixture. 

11. The method according to claim 10 wherein the 
polymer is selected from the group consisting of -luminescent 
and fluorescent polymers. 
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12. A composite comprising a mixture of carbon 
nanotubes and an electron emitting element and an organic 
polymer. 

13. The composite according to claim 12 wherein the 
polymer is selected from the group consisting of epoxy resins, 
polyesters, polyurethanes, polyolifins, polyvinyl chloride, 
polytetraf luoroethylene, polyacrylonetrite, polymethyl 
methacrylate, polyvinyl acetate, polystryrene, polyamides, and 
mixtures and copolymers thereof. 

14. In a method for producing solar cells from 
nanotubes the improvement comprising dissolving the nantotubes 
in an electron donor compound prior to assembling the solar 
cell. 

15. In a method for producing field emission 
devices, the improvement comprising coating a substrate with a 
solution of carbon nanotubes in an electron donor compound as 
a solvent. 

16. A solution of nanotubes in a solvent plus an 
electron donor compound as a solubilizer for the nanotubes. 

17. The solution according to claim 16 wherein the 
solvent is selected from the group consisting of polar 
solvents and nonpolar solvents. 

18. The solution according to claim 16 wherein the 
electron donor compound is selected from the group consisting 
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wherein R x R 2 are each selected from the group 
consisting of hydrogen. Ci-C 12 alkyl, and C s -C 12 aryl; 
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fa fl 
1 \ H s ft* 




1 



wherein R 3 , R 4 and R s are each selected from the 
group consisting of hydrogen. d-C 12 alkyl and C 6 -Ci 2 aryl; 



NH, 




C-"H 2 . -CJ 0 . -CII. -O0U.J etc.) 

L T 






SH 2 



NHNH, 



SH 



"tV* NH, 



NX, 



N' - NH, 
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H,N 





% /-If 



(Sa) 




NH, 




N 

\ 



S (Se) 



19. The solution according to claim 16 wherein the 
nanotubes are selected from the group consisting of single 
walled nanotubes and multi-walled nanotubes. 

20. The solution according to claim 16 wherein the 
nanotubes are pristine or functionalized. 
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